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Diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) combine magnetic 
resonance imaging (MRI) techniques and diffusion measures. In DWI, the contrast is 
defined by the microscopic motion of water protons. Nowadays, DWI has become im-
portant for early diagnose of acute stroke. DT images are calculated from DW images 
acquired in at least six directions, which give information of diffusion directionality, mak-
ing it possible to reconstruct axonal or muscle fiber images. Both techniques have been 
applied to study body structures in healthy and pathological conditions. Currently, it is 
known that these images and derived parameters are quite sensitive to factors related to 
acquisition and processing. Magnetic field non-homogeneity, susceptibility, chemical 
shift, radiofrequency (RF) interference, eddy currents and low signal-to-noise ratio 
(SNR) can have a more harmful effect in diffusion data than in T1- or T2-weighted image 
data. However, even today there are no standard phantoms or protocols for DWI or DTI 
quality control (QC). The aim of this work was to build a low-cost multipurpose DTI phan-
tom to evaluate parameters that can compromise the quality of DTI data. Different fish-
ing lines and setups were tested to define the kind of fibers to be used. Subsequently, a 
multipurpose phantom was developed and tested. We found that Dyneema® fishing 
lines are the best option to build the phantom. Dyneema® fishing lines bundles have FA 
values similar to those found in the main brain tracts and do not compromise other MRI 
QC measurements. Our tests showed that the multipurpose phantom built is stable and 
can be used for QC in clinical routine.  
 
Keywords: Magnetic Resonance Imaging, Diffusion Tensor Imaging, Multipurpose 




Imagens de ressonância magnética ponderadas por difusão (imagens DW) e imagens 
do tensor de difusão (imagens DT) combinam técnicas de ressonância magnética (MRI) 
e medidas de difusão. Nas imagens DW, o contraste é definido pelo movimento micros-
cópico dos prótons de água. Atualmente, imagens DW tornaram-se populares em fun-
ção de sua capacidade de detectar o AVC ainda na fase aguda. As imagens DT são 
calculadas a partir de imagens DW adquiridas em pelo menos seis direções, fornecendo 
informações de direcionalidade de difusão e tornando assim possível a reconstrução de 
imagens de fibras axonais ou musculares. Ambas as técnicas têm sido aplicadas ao 
estudo das estruturas corporais em condições saudáveis e patológicas. Atualmente, 
sabe-se que essas imagens e seus parâmetros são bastante sujeitos a fatores relacio-
nados à aquisição e processamento. Heterogeneidades do campo magnético, suscetibi-
lidade, deslocamento químico, interferência de radiofrequência (RF), correntes parasitá-
rias e a razão sinal/ruído (SNR) têm efeitos mais nocivos em imagens DW do que em 
imagens ponderadas em T1 ou T2. No entanto, ainda hoje não existem phantoms ou 
protocolos padrão para controle de qualidade (QC) de imagens DW ou DT. Assim, o 
objetivo deste trabalho foi construir um phantom multipropósito, de baixo custo, para o 
QC de imagens DT. Diferentes linhas de pesca e configurações foram testadas para 
definir o tipo de fibras a ser usado. Em seguida, um phantom multipropósito foi desen-
volvido e testado. Descobrimos que as linhas de pesca Dyneema® são a melhor opção 
para a construção do phantom. Os feixes obtidos a partir destas linhas têm valores de 
FA semelhantes aos encontrados nos tratos cerebrais principais e além disso não atra-
palham outras medições de QC em MRI. O phantom multipropósito desenvolvido mos-
trou-se estável e pode ser usado para QC na rotina clínica. 
 
Palavras-chave: Imagens de Ressonância Magnética, Imagens do Tensor de Difusão, 
Phantom Multipropósito, Controle de Qualidade. 
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Diffusion-weighted (DW) and diffusion tensor (DT) images have nowadays applica-
tions in many areas of medicine. However, there is no standard phantom and/or standard 
protocol for quality control (QC) of these kinds of images, as occurs for QC of proton den-
sity (PD), T1 and T2-weighted image acquisitions. Many studies have explored this subject 
in different ways and have brought useful information for QC for water diffusion-based im-
ages, given the need for standardization of multicenter/multiscanner studies and to obtain 
reliable data for diagnosis in clinical practice. However, there hasn’t been agreement about 
the phantom to be used or the QC acquisition protocol to be applied to detect changes in 
these images before clinical data degradation.  
Currently, it is known that DT images and their indexes are quite sensitive to factors 
related to imaging acquisition and processing. The reliability of results obtained from these 
images depends on the quality of the acquired data. Low SNR, patient motion during the 
scan, chemical shift, non-homogeneity of the magnetic field B0, RF interference, eddy cur-
rents and magnetic susceptibility effects can degrade the quality of DW and DT images. 
Standard QC MRI phantoms, such as American College of Radiology (ACR) head or knee 
MRI phantoms, have diffusivities and relaxation parameters different from biological tis-
sues and are isotropic. They can be helpful to follow parameters such as B0 homogeneity, 
SNR, contrast-to-noise ratio (CNR), low-contrast structure detectability, uniformity, pres-
ence of ghost and distortions, slice thickness and spatial resolution of those images, but 
not for DTI QC. Furthermore, DW and DT images are more sensitive to bias compared to 
conventional MR images and consequently data corruption occurs first on these images. In 
other words, when a problem is detected on T1, T2 and PD images, probably DW and DT 
images are already much degraded.  
 Thinking about QC in MRI, considering the diversity of techniques available (diffu-
sion, perfusion, functional images etc.), it is important to find methods and to develop de-
vices that allow the quality of many different imaging techniques to be checked at once 
(that is, using the same device). To the best of our knowledge, this type of device did not 
exist before this work. Therefore, the main goals of this work were: 1) to develop a low-




research routines of MRI services, and 2) to improve the phantom, including modules to 
evaluation of parameters relevant to MRI acquisition techniques such as T1, T2 and PD-
weighted images. The first phantom had modules to measure DTI indexes (DTIi); the 
phantom improved had, in addition to those, other modules, to measure spatial resolution, 
slice thickness, geometric distortion as well as SNR. A QC protocol for T1, T2, PD and DTI 
acquisitions using just one device is also proposed.  
 This thesis is organized as follows. Chapter 2 brings the theoretical background re-
lated to DWI and DTI and a literature review about phantoms for QC of these kinds of im-
ages. Chapter 3 describes the methodologies used in each part of the study, that com-
prised of the following steps: 
1) Building an anisotropic diffusion phantom using Dyneema® fishing lines to simulate 
biological tracts and fibers, and application of this device to investigate how the ac-
quisition parameters can change the DTIi, for 8-channel and 32-channel head coils.  
2) Performance evaluation of different materials to compose the anisotropic diffusion 
phantom.  
3) Proposition, building and test of a multipurpose DTI phantom to evaluate the per-
formance of DTI acquisitions and spatial resolution, SNR, geometric distortions and 
slice thickness. 
 
Chapter 4 describes and discusses the results reached. Finally, Chapter 5 summarizes 
the main achievements and conclusions from this research, pointing out the future re-
search perspectives from these results. The last one summarizes the main and original 
contributions of this work that are listed below:  
• The application of fishing lines to simulate brain tracts in the DTI phantom.  
• The use of phantom developed to study the influence of the acquisition parameters 
on DTIi. 
• The proposition of a multipurpose phantom to QC of DTI and evaluation of other 
scanner performance characteristics, as such as SNR, slice thickness and spatial 





2 THEORETICAL BACKGROUND AND LITERATURE REVIEW 
 This chapter brings a background related to DWI and DTI and a review about the 
QC phantoms already proposed to evaluate the quality of data obtained from these tech-
niques, highlighting their advantages and disadvantages.  
2.1  DIFFUSION-WEIGHTED IMAGING AND DIFFUSION TENSOR IMAGING 
DW images reveals microscopic characteristics of water molecules’ diffusion across 
and between biological tissues (1). In these images, the contrast is based on molecular 
random motion of water protons. It is known that in biological tissues, diffusion can be iso-
tropic (having same magnitude in all directions) or anisotropic (following a specific direc-
tion). The DWI acquisition involves the application of diffusion-weighting gradients in pulse 
sequences, creating a signal attenuation due to microscopic water protons’ motion (2). 
Figure 2.1 shows the first pulse sequence designed for acquisition of these images. 
 Rectangular diffusion gradients applied before and after the 180º refocusing pulse 
have the same magnitude and duration. Thus, if all spins are coherently moving around 
the magnetic field of the scanner, they will have identical phase and there is no signal re-
lated to diffusion. On the other side, when water proton diffusion occurs, static and diffus-







Figure 2.1 - Spin-Echo (SE) Pulse Sequence for DWI Acquisition. RF: radiofrequency; 
SG: slice selection direction gradient; PG: phase codification direction gradient; FG: fre-
quency codification direction gradient; GD: diffusion-weighting gradient; δ: duration of GD; 
Δ: interval between application of two diffusion-weighting gradients; t1: time from applica-
tion of RF excitation pulse to the first diffusion-weighting gradient; TE: echo time. The dif-
fusion attenuation of the MRI signal is only dependent on GD, Δ and δ, but does not de-
pend on t1.  
 
 In clinical practice, DWI showed its ability to detect acute stroke (when the symp-
toms begin) and classify it as ischemic or non-ischemic, while other imaging techniques 
just reveal brain changes hours after the onset (1). From DW images the Apparent Diffu-
sion Coefficient (ADC) map and DT images can be obtained. ADC maps are so called be-
cause measured values are lower than those observed when free water diffusion occurs 
(without interference of compartments and barriers found in biological tissues). The ADC 
calculation is based on two DWI (DWIi and DWI0) obtained with same TE and different dif-
fusion-sensitizing factors (b-values, which units are s/mm2). In this case, TE should be 
long enough to be compatible with the duration of diffusion gradients, being the T2-






                   ADC = − 	
	
  ln ,                                         (2.1) 
 
where the i index refers to the specific diffusion gradient direction, and b and b are 
the b-values of DWIi and DWI0, respectively. Normally, b is taken as 0, being the DWI0 
a typical T2-weighted image. For brain studies, b typically ranges from 600 s/mm2 to 1000 
s/mm2. In diffusion pulse sequences, TE should be long enough to be compatible with the 
duration of diffusion gradients. Consequently, DW images are also based on T2 contrast. 
In terms of contrast, high diffusion areas are typically hypointense and low diffusion areas 
are hyperintense in DW images (3). The opposite is seen in ADC maps, as shown in 
Figure 2.2.  
 
 
Figure 2.2 - DW Image and ADC Map. Examples of DW image (a) and ADC map (b) of an adult 
human brain. Scanner Siemens Verio 3T, acquisition parameters of DWI: TR/TE = 5300/85 ms, b-
values: 0 s/mm2 and 800 s/mm2. 
 
 In the tensor model, principle of DTI, diffusion is described as a multivariate Gauss-





                         T =                      (2.2) 
 
 This matrix describes the displacement of water molecules in three dimensions 
normalized by diffusion time. The diagonal elements are variances of diffusion along the 
axes x, y and z, and off-diagonal elements are covariance symmetrical terms. Given the 
tensor symmetry, its construction demands DW images acquired in at least six directions, 
to obtain the six independent components. However, it is common to acquire DW images 
in 16, 32 or 64 directions, which improves the accuracy of each component of tensor. The 
tensor can also be displayed as an image; and the technique consisting of acquiring DW 
images in several directions to build the tensor is called diffusion tensor imaging, or DTI 
(4). From DT images, scalar parameters, or DTIi), such as fractional anisotropy (FA), rela-
tive anisotropy (RA), mean diffusivity (MD), volume ratio (VR), Sphericity (CS), Linearity 
(CL) and Planarity (CP), can be obtained. Table 2.1 shows the mathematical expressions 






















Table 2.1 - DTI Indexes and Their Meanings. 
 
λ1, λ2 and λ3 are the eigenvalues of the tensor and < λ> is the trace of the tensor. 
 
DTI data can be used to reconstruct images of axonal fibers (5), skeletal muscle (6), 
and cardiac muscle fibers (7), through tractography techniques. Figure 2.3 shows a FA 
image, as well as a color map indicating axonal directions of diffusion in human brain. Fig-
ure 2.4 shows examples of fibers reconstruction and directional maps of cardiac and 







Figure 2.3 - Images Calculated from DTI Data of Adult Brain. (a) FA map. (b): FA color 




Figure 2.4 - DTI of cardiac and skeletal muscle fibers. (a) and (b): Fibers reconstruc-
tion and directional color map, respectively, of diffusion through the cardiac muscle fibers 
(7). (c): Tractography of leg's muscle fibers (8).  
 
 Currently, it is known that DT images and their indexes are quite sensitive to factors 
related to imaging acquisition and processing. The reliability of results obtained from these 
images depends on the quality of the acquired data. Low SNR, patient motion during the 
scan, chemical shift, inhomogeneity of the magnetic field B0, RF interference, eddy cur-
rents and magnetic susceptibility effects can degrade the quality of DW and DT images 
(9). However, there is not a standard phantom or routine for quality control (QC) of these 
images, as occurs for QC of proton density (PD), T1 and T2-weighted image acquisitions. 
Development of QC techniques for diffusion images is necessary given the extension of 
their applications, as well as because these images are more sensitive to artifacts when 
compared to T1, T2 and PD-weighted images, depending on the magnitude and number of 




grade DW and DT images before they compromise T1, T2 and PD-weighted scans. Re-
cent studies have suggested phantoms for QC of diffusion acquisitions, based on different 
kinds of materials and a variety of geometries (10-13), as will be discussed below.   
2.2 DWI AND DTI PHANTOMS 
2.2.1 MRI Phantoms Described in Literature 
 Phantoms are devices that simulate the human body or their regions. In medical 
imaging, these devices are specially designed for calibration, performance evaluation and 
QC of different kinds of acquisition and processing methods. Ideally, the phantoms should 
respond in the same way as biological tissues when submitted to a specific technique (14). 
They can be physical (an object designed to test some medical imaging machine) or com-
putational (mathematical models to evaluate the performance of processing and analysis’ 
algorithms). Physical phantoms whose geometry are like human body are denominated 
anthropomorphic phantoms, commonly applied to dosimetry and radiation therapy QC.  
Figure 2.5 shows some examples of medical imaging phantoms.  
 
 
Figure 2.5  Phantoms for QC of Medical Imaging Devices. (a): Catphan - quality imag-
ing phantom for QC in Computed Tomography (CT) (15). (b): ACR mammography phan-
tom and their internal structures (16). (c): Ultrasound anthropomorphic phantom simulating 




formulation for mimicking human soft tissue (18). (e): ACR MRI knee phantom (19). (f): 
Phantom “Phannie” (National Institute of Standards and Technology, USA) containing in-
serts to evaluate relaxation times and spatial resolution in MRI (20).    
 
The phantoms commonly used in MRI QC routine are not the best option for DW 
and DT images because of their high diffusivity, unlike what occurs in biological tissues. In 
addition, the compound that fills them is, generally, an aqueous paramagnetic solution 
containing CuSO4, NiCl2, MnCl2 or GdCl3, because of its long-term stability and relaxation 
time. However, these solutions have T1 very close to T2 (except the MnCl2), which does 
not occur in biological tissues. The results from images of these solutions also depend on 
the geometry of the container that holds them. Desirable characteristics for a DWI or DTI 
phantom are covering of a large range of diffusivities, long-term stability, low cost, low tox-
icity, T1 and T2 values similar to biological tissues, and high viscosity in order to minimize 
vibration and convective motions effects (21).  
 Researchers suggest different kinds of phantoms for DWI and DTI QC, as well as 
different compounds and solutions to fill them (22-24). There are phantoms of isotropic 
diffusion for DWI (typically spheres or cylinders filled by liquid) (24-26); fiber phantoms to 
simulate axonal tracts or cardiac muscle (11, 13, 27); phantoms made of capillary or mi-
crocapillary arrays permeated by liquid with diffusion properties and/or relaxation times 
similar to biological tissues (28) test tubes with different solutions (23, 24); biological phan-
toms, such as green asparagus inside a water container (29); or animal tissues (axons of 
pigs or mice) (30, 31). There are gels, for isotropic or anisotropic diffusion studies, whose 
magnetic properties are similar to healthy or pathological tissue (10, 21). Some authors 
propose applying the ACR phantom, showed at Figure 2.6, to the evaluation of scanner 
parameters related to degradation of DW and DT images, such as SNR, low contrast de-
tectability and uniformity (32). Computational phantoms can also contribute to QC of DW 
and DT image processing algorithms, being useful to evaluate tractography based on 
High-Resolution Angle Diffusion Imaging (HARDI), Q-Ball and Diffusion Spectral Imaging 







Figure 2.6 - ACR MRI Phantom and its Images. (a) Large ACR head phantom. (b) and 
(c): Images of the grid for geometric distortion and low-contrast detection evaluation, re-
spectively (34).  
2.2.2 Isotropic Diffusion Phantoms 
 Typically, these phantoms consist of spheres, cylinders or tubes filled by liquids or 
gels whose relaxation and/or diffusion properties are similar to biological tissues in the MRI 
environment. A 4.7 T nuclear magnetic resonance (NMR) spectrometer and a 1.5T MRI 
scanner were used to measure, respectively, self-diffusion coefficients and ADC values of 
15 liquid compounds: 3 cyclic alkanes (from cliclohexane to cyclooctane), 9 n-alkanes 
(from n-octane to n-hexadecane), and 3 alcohols (from ethanol to 1-propanol). n-Tridecane 
showed ADC values close to normal white matter (WM), in agreement with measures of 
self-diffusion coefficients obtained from NMR. Nonetheless, despite the advantage of 
these compounds having defined NMR spectral lines, their use in clinical routine is limited 
by toxicity and inflammability (23). Non-toxic and stable compounds, such as aqueous so-
lutions of polyvinylpyrrolidone (PVP), can be an alternative to agarose or alkanes. PVP 
showed long-term stability during a 15 months period (24). 
 Gels whose dielectric relaxation properties have values close to those found for bio-
logical tissue have been tested as filling for isotropic diffusion phantoms. Two gels based 
on polysaccharide carrageenan (CAG and CAGN) have been explored for isotropic phan-
toms. CAG consists of carrageenan as a gelling agent, agarose and GdCl3 as T2 and T1 
modifiers, respectively, in addition to distilled water and the antiseptic NaN3, to reduce gel 
degradation by microbial agents. The CAGN phantom, besides the compounds already 




compound to reach the desirable diffusion properties is defined by an equation set. Those 
equations can be useful for the development of gels for DWI and DTI QC (21). Gels of so-
dium alginate, xanthan gum, FAVOR-PAC-300, PNC, Carbomer-980 and Carbopol-974P 
have also been tested as an alternative to agar or agarose (10). It was observed that im-
ages of gels had less distortion than images of liquids due to reduction of the macroscopic 
flow effect. Pathological conditions such as stroke can also be simulated by gels. A human 
brain phantom filled by agar-based gel has been applied to analyze DWI pulse sequences’ 
performance to discriminate acute stroke and normal gray matter (GM). It was observed 
that ADC variation between stroke-like areas and GM was similar to that found in human 
brain (26).  
 Other kind of container used in DWI phantoms are test tubes. Tubes with different 
concentrations of a polyacrylamide gel and a sucrose solution were applied to check the 
performance of Echo-Planar Imaging (EPI) and Half-Fourier Acquisition Single-Shot Turbo 
Spin-Echo (HASTE) pulse sequences. There were not significant differences between 
ADC values of both pulse sequences. However, HASTE leads to less ghost and is better 
to characterize high-value ADC regions (35). Tubes filled by different concentrations of 
polyethylene glycol (PEG), to control diffusivity, and Gadobutrol, to control T2, were also 
tested as isotropic diffusion phantoms (36). From all studies of isotropic diffusion phan-
toms, the agar or agarose is the most applied compound. Figure 2.7 shows an example of 




Figure 2.7 - Example of isotropic diffusion phantom. Four-Compartments Isotropic 
Diffusion Phantom. The compartments of disk can be filled by gels simulating different 




2.2.3 Anisotropic Diffusion Phantoms 
 Anisotropic diffusion phantoms are useful for DTI QC. A DTI phantom was made of 
layers of an agar-based isotropic gel, each layer having a different conductivity. It was 
shown that gels make the setup more stable and reduce imaging artifacts due to reduction 
of the macroscopic water flux (12).  
Polycaprolactone (PCL) and polyethylene oxide were used to make axon-like struc-
tures using the co-electrospinning technique. The phantom was tested in a preclinical 7T 
MRI scanner, and it was found that MD increases when the fiber diameter increases and 
FA decreases when the fiber internal diameter increases. The setup remained stable for 1 
month; however, it was a small phantom, incompatible with clinical scanners (12). The co-
electrospinning technique was also used to develop an anisotropic phantoms to simulate 
cardiac muscle tissue (13). Phantoms made using lithography and other microfabrication 
techniques have also been reported to be useful for DTI QC and pulse-sequence tests (28, 
37). 
 Dyneema® fibers are a good option to build DTI phantoms. These fibers have mul-
tiple filaments, being more anisotropic than nylon, polyester, polyamide or linen. A phan-
tom consisting of 780 parallel Dyneema® fibers 20 mm thick, packed inside a polyolefin 
tube, was proposed for DTI QC (11). The FA values of Dyneema® fiber bundles are close 
to those found in human brain axons and few artifacts are observed on DTI images and 
tractography. However, the phantom relaxation times differ from those from biological tis-
sues. This may occur because diffusion is limited to the interstitial space between the fi-
bers, where proton density is lower when compared to tubular axons. Despite this, the 
phantom seems useful to DWI and DTI QC. Parallel and perpendicular Dyneema® fibers 
were applied to build a multilayer DTI phantom. For DTI images obtained in a 3T scanner, 
the FA values were also close to those seen in brain WM (27). Figure 2.8 shows an exam-






Figure 2.8 - Example of anisotropic fiber bundle found in literature. (a) Cylinder with 
bundles simulating axonal fibers. (b): Tracts reconstructions of fibers' phantom (38).  
 
 The stability and reproducibility of DTI parameters have also been checked with 
organic animal or vegetal phantoms, such as green asparagus inside a water container 
(29), mice nerves (31) or pig spinal cord (30).  
The development of phantoms and protocols for QC of DW and DT images is a sub-
ject currently covered by several research groups, given the need for standardization of 
multicenter/multiscanner studies and to obtain reliable data for diagnosis in clinical prac-
tice. However, there hasn’t been agreement about the phantom to be applied or the QC 
acquisition protocol to detect changes in these images before clinical data degradation. 
This is due to the wide variety of scanner settings and acquisition techniques. In the re-
viewed studies, the range of B0 goes from 0.5T to 9.4T. Most studies apply SE-EPI se-
quences or their clinical/research routines (13, 27). New sequences, such as d-PSGE, are 
being proposed and tested (30, 38). The d-PSGE sequence was developed for detecting 
GM microscopic anisotropy, while only macroscopic isotropy is seen with conventional DTI 
pulse sequences. The former sequences may be helpful for studies of diseases which de-
grade GM, such as multiple sclerosis, Alzheimer's disease, Huntington's disease, epilepsy 
and demyelinating diseases. Out of the brain, these sequences may also be applied to 
study conditions which lead to degradation of skeletal, cardiac or smooth muscle (30). 
 The studies of DWI and DTI QC tested a variety of setups and materials to build 
phantoms, although many configurations have received more attention, such as Dynee-
ma® fiber bundles, capillary arrays and containers filled by liquids whose relaxation times 
are similar to those of biological tissues. QC phantoms for medical imaging, in general, 




condition being studied. Thinking about water molecules’ diffusion, it is possible to simu-
late their motion both on interstitial and intracellular environments. 
 Despite the improvement on shimming methods and parallel acquisition techniques, 
B0 inhomogeneities lead to geometric distortions in DW and DT images. Therefore, to 
build MRI phantoms, it is better to choose containers with well-defined geometry, such as 
spheres or cylinders which enable identification of imaging distortions without corrupting 
SNR. Their filling solutions should have relaxation times close to those found for biological 
tissues. Among some liquids tested, n-tridecane has ADC similar to brain WM. However, 
cyclic alkanes are toxic and flammable compounds, hindering their use in clinical routine 
(23). On the other side, sugar-based solutions, despite not being toxic, undergo biological 
degradation and are not useful for long-term follow-up scanning. The same goes for aga-
rose gels, which are degraded despite the addition of anti-septic agents (39). PEG and 
gadobutrol are compounds applied to fill both isotropic and anisotropic phantoms. Alone, 
PEG has a moderate effect on T2 compared to agarose/sucrose. However, it is efficient to 
control the range of ADC values. Independently changing concentrations of these com-
pounds can produce different ADC and T2 values, respectively, simulating different kinds 
of biological tissues. To evaluate the performance of these compounds to follow aniso-
tropic diffusion parameters, a cylindrical arrangement made of nylon or acrylic can be built, 
which cross section around already proposed values (38). This cross section can be divid-
ed into four quadrants, in which circular cavities of different diameters are made and filled 
with test tubes or capillaries open at both ends. Each quadrant structure must have the 
same dimensions. This setup may be put in a Plexiglas cylinder filled by PEG and gadobu-
trol and sealed. The PEG and gadobutrol concentrations, as well as the dimensions of the 
phantom and capillaries/test tubes should be chosen according to the acquisition coil and 
biological tissue to be simulated. To avoid air bubbles in the phantom a syringe can be 
used for inserting the solution in the container; also, remaining bubbles can be removed 
with a vacuum pump. It is important to look for and remove air bubbles to minimize mag-
netic susceptibility effects. Laundry detergent can remove bubbles, due to its ability to 
move them to the phantom surface, where they can be eliminated. One quadrant of the 
phantom must remain without tubes or capillaries for assessing isotropic scattering. 
 It is observed that synthetic polymer-based gels can be a good alternative to agar, 
because of their long-term stability and easy synthesis (10). The main advantages of gel 
applications in DWI and DTI phantoms (which have fiber bundles and/or other structures 




image artifacts (10). Therefore, it is necessary to control gel compounds’ concentrations 
and consequently the T2 and diffusion parameters of the phantom. T2 control its neces-
sary because it is the basic weighting of all diffusion images. So, controlling T2, the SNR is 
controlled. In addition, at the acquisition preparation stage (pre-scan), there are adjust-
ments of the signal reception and transmission systems (RF coils, gradients, shimming). 
The gain of these devices is related to how acquired data are converted into image. For 
each scan, such gains are recalibrated, and there may be variations of scale factors be-
tween different acquisitions. 
 The use of a microcapillary-based phantom for DTI QC at the same time of patient 
acquisition is quite interesting, but microcapillaries or other microscopic structures are not 
the best alternative for QC of these images. Microscopic structures enable the construction 
of arrangements where water molecules’ diffusion is closer to diffusion seen at biological 
tissues, both in the interstitial and intracellular environments (28). Nonetheless, their use 
as QC devices shows limitations such as device irreproducibility (their construction is 
complex) and dependence on microscopy to properly evaluate their structural integrity. 
Moreover, smaller air bubbles may not be detected and their removal is not easy. In addi-
tion, MD and FA values of these phantoms differ significantly from those obtained from 
biological tissues in most cases, because when phantom structures have dimensions low-
er than the scanner spatial resolution, bias in MD and FA values may occur (13). It is also 
worth mentioning that the pattern of magnetic field distortion due to the patient's head and 







3 MATERIALS AND METHODS 
 In this chapter, we initially describe the first designed DTI phantom, the tests per-
formed with it and the encountered problems. Subsequently, a description of tests per-
formed with new materials is described. Concluding, a multipurpose fiber phantom is pro-
posed, being its design showed and their test routines detailed.  
3.1   THE FIRST DTI PHANTOM DESIGNED  
 In the first stage of the study, the dimensions of the phantom, possible geometries 
and materials to be applied were defined. It was known that none of the phantom’s com-
ponents could contain ferromagnetic elements, due to the high intensity magnetic field of 
the MRI scanner. Ferromagnetic materials can be strongly attracted by the magnet, putting 
at risk the scanner and people around it. After some previous assays with three kinds of 
fishing lines (polyamide, Kevlar® and Dyneema®) and two geometries of containers (cy-
lindrical and rectangular), a DTI fiber phantom consisting of an acrylic cylinder with 200 
mm height and external and internal diameters of 180 mm and 170 mm respectively was 
built. Inside the cylinder a hollow acrylic block was inserted, composed of two sides of 120 
× 120 × 10 mm3 and two sides of 180 × 120 × 10 mm3. The block had 18 circular holes of 
10 mm diameter and 18 circular holes of 20 mm diameter regularly distributed at the sides, 
where it was possible to put and steady fiber bundles. The holes could also be useful to 
visualize geometric distortion effects. Figure 3.1 shows the diagram of the cylinder and of 







Figure 3.1 3D layout of acrylic structures of phantom. (a) and (b): Main cylinder and 
rectangular insert. (C): Rectangular insert positioned inside the cylinder. The cover of the 
cylinder is fixed using nylon screws.   
 
In three of the 20 mm diameter holes three fiber bundles of length of 190 mm and 
thickness of 10 mm were positioned. These bundles were composed by multifilament 
Dyneema® fishing lines, and were identified as 1, 2 and 3. Each one contained, respec-
tively, 200 fibers of 0,25 mm thickness, 150 fibers of 0,35 mm and 130 fibers of 0,40 mm. 
The compression and fixation of the bundles were made using nylon cable ties, so that the 
three bundles had approximately the same average thickness: (74,90 ± 1,20) mm for bun-
dle 1, (75,48 ± 0,95) mm for bundle 2 and (75,62 ± 2,01) mm for bundle 3, measured using 
a digital caliper. A shown in Figure 3.2, the bundles were intentionally not completely 
straight, given that for most biological tissues tracts are disposed following anatomical con-
tours. The phantom was built by the technicians of the Biomedical Engineering Center 
(CEB) of University of Campinas (UNICAMP). Dyneema® fishing lines were chosen for 
these experiments because several studies have demonstrated that their raw material is 
useful to build fiber bundles whose FA values are similar to those of biological tissues (11, 
27, 38). However, fishing lines can be easily found in shops. The fishing lines applied have 
diameters larger than most of neuronal fibers, but are less susceptible to effects of mag-





Figure 3.2 - Pictures of the first DTI phantom built. (a) Rectangular block for fiber 
bundles fit. (b) The phantom is settled on a Styrofoam support, mounted and then filled 
with distilled water. The support is not used in scans. On the left, middle and right are the 
bundles 1, 2 and 3, respectively.  
3.1.1 DTI Phantom Study   
To evaluate the stability of DTI acquisitions using the phantom of Figure 3.2 (b), im-
ages were acquired to verify how changes in the acquisition parameters could modify the 
DT images. Recently, the influence of some DTI acquisition parameters on MD and FA 
has been studied (41-44). However, there has been no detailed investigation of the role of 
acquisition parameters in other DTIi described in Table 2.1.     
All images were acquired with the Achieva® 3T MRI scanner (Philips, The Nether-
lands) of the Clinics Hospital (HC) of UNICAMP using an 8-channel and a 32-channel 
phased-array receive-only head coil. The phantom was placed at the scanner's room 72 
hours before acquisitions to minimize effects of temperature variation. The position of the 
phantom was the same in all acquisitions, with its center aligned with the center of each 
coil. The DT images were acquired changing the following parameters: the diffusion sensi-
tizing factor b, the time of echo (TE), Number of Averages (NSA), Sensitivity Encoding 
(SENSE), voxel size and Number of Directions of Gradient Diffusion (NDGD), one at a 
time, taking as reference the clinical acquisition protocol for brain. TE is the time between 




signal measurements (or number of excitations) from which to compute an average (for 
SNR improvement purposes). SENSE is a parallel imaging acquisition technique which 
can reduce susceptibility artifacts from Echo-Planar (EPI) techniques (33), such as SE-
EPI, applied in this study. It is done skipping lines in k-space while acquiring data from dif-
ferent channels simultaneously. The channels consist of receiver coils with known sensitiv-
ities (45). The acquisition parameter changes were the same for both coils, as described in 
Table 3.1.  
 
Table 3.1 - DTI acquisition standard parameters for both coils and the variations tested in 
this study.  
 
 The Field-of-View (FOV) and flip angle applied were, respectively, 224 x 224 x 120 
mm and 90°. FOV, radiofrequency (RF) receiver bandwidth and receiver gain were not 
changed in relation to standard protocols for both coil. All acquisitions were doing with iso-




8-channel head coil 
Standard Protocol 
32-channel head coil 
Standard Protocol 
Variations 
b (s/mm2) 1000 1000 500/800/1000/ 
1200/1500/2000/2500 
TE (ms) 85 70 70/80/85/90/100 
NSA 1 2 1/2/4/6 
SENSE 2.5 3 2/2.5/2.8/3/3.5/3.8 
Voxel Size (mm3) 2 2 1/1,5/2/2.5/3 





Figure 3.3 – Diagram showing the main steps of this part of study. 
 
3.1.2 Pre-Processing: Data Quality Control  
 The Figure 3.4 summarizes the main steps of pre-processing applied to all DT im-
ages of this thesis. The images are obtained in both DICOM and PAR/REC formats (the 
latter being a Philips specific format). Before any calculation was performed, the non-
diffusion-weighted image (T2) and all DW images acquired in different directions within a 
protocol (i.e., in same acquisition conditions) were co-registered. This step reduces effects 
of vibration and motion during scanning, which might affect the outcome of the study. All 
images were then submitted to the QC routines of the ExploreDTI software (46), which 
employs calculations based on a residual model and creates image outliers maps (47). 






Figure 3.4 – Block diagram showing the steps of imaging pre-processing. 
 
A residual can be defined as the difference between a modeled and a measured signal. 
Large residuals indicate that the applied model (the second-rank diffusion tensor) is not 
able to characterize the observed signal accurately, reflecting either the inadequacy of the 
model or the presence of signal intensities related to artifacts. Assuming the latter, a resid-
ual map R can show artifacts that are not always visible on the FA map or the individual 
DW images. Mathematically, R is defined as the average residual of the observed signal 
DWIobs to the modeled signal DWImod, i.e., 
 
    R =  ∑  !"#$%& − !"'#(&  &)              (3.1) 
 
where the K modeled DWI signals, with corresponding B matrices Bk (k = 1…, K), are de-
rived from the fitted diffusion tensor Dfit, and the T2 (b = 0) image: 
 
     !"'#(& = *2×-./ 0123                                 (3.2) 
 
 In general, a poor diffusion tensor fit, assumed to be caused by artifacts, results in 
higher residuals, and a uniformly appearing R map reflects good quality image data. The 





3.1.3 Processing: ROI Delineation, DTIi Calculation and Tracts Reconstruction 
 For images without significant outliers or high-amplitude residual errors, ExploreDTI 
was also used to manually draw Regions of Interest (ROIs), one ROI for each fiber bundle, 
for each DT image acquired. 2D seed-based ROIs were applied. Seeding consists of de-
fining the points from which the fiber bundles will be drawn (in this case the points were 
located around the visible bundles) (48). From these ROIs, we calculated the eigenvalues 
(λ's) and eigenvectors of diffusion tensors and the tracts’ reconstruction was made, as well 
as the MD, FA, diffusion ellipsoids and directional diffusion maps were computed. Ex-
ploreDTI gives MD and FA values; the calculation of other DTIi (RA, VR, CS, CL and CP) 
was performed getting the obtained λ values and using them in home-developed Matlab® 
routines (version R2014b; Matlab Inc., Natick, MA, USA). The DTIi calculated were orga-
nized in spreadsheets using Office Excel® software (Microsoft Inc., 2007). The λ, MD and 
FA values obtained were compared to values obtained from Achieva® FiberTrak pro-
cessing software (Philips, The Netherlands), where the tracts reconstruction was also 
done using 3D seed ROIs. These ROIs were defined from three 2D manual ROIs posi-
tioned in the middle and in the extremities of visible fiber bundles.  
3.1.4 Data Analysis 
 The statistical analyses were performed using SPSS (version 22; SPSS Inc., Chi-
cago, IL, USA). In this software, we calculated the following statistical measures: mean, 
standard deviation and coefficient of variation of DTIi for each bundle, each coil, and ac-
quisition parameter changed. Using this software, we also made the two-tailed Spearman's 
Correlation Analysis to evaluate the existence of correlations between acquisition parame-
ter variations and the DTIi calculated, for each fiber bundle and each head coil used.   
3.2 TESTING NEW MATERIALS 
 Despite Dyneema® having shown excellent properties to simulate biological aniso-




distilled water and other kinds of fishing lines (Kevlar® and Spectra®) were fixed on the 
phantom's rectangular block as shown in Figure 3.2. This setup had the following charac-
teristics: 2 conduits of 10 mm diameter and 180 mm length; a bundle of 10 catheters of 2 
mm diameter and 140 mm length; a bundle of 10 catheters of 1 mm diameter and 140 mm 
length; a bundle of 200 Spectra® fishing lines of 0.178 mm diameter (bundle diameter: 14 
mm, 185 mm length); a bundle of 46 Kevlar® fishing lines of 0.34 mm diameter (bundle 
diameter: 16 mm, 185 mm length); a bundle of 46 Kevlar® fishing lines of 0.25 mm diame-
ter (bundle diameter: 10 mm, 185 mm length). Spectra® is a multifiber line made of poly-
ethylene by a patented gel-spinning process, being on average stronger than steel and 
aramid. All the fishing line bundles were wrapped using shrinking tubes. The setup is 
shown in Figure 3.5.    
  
 
Figure 3.5 - DTI phantom setup using different kinds of materials and fishing lines. 
(a) Rectangular block with conduits, catheters and fishing line bundles. (b) and (c): 
transversal and frontal views of the phantom. The fishing line bundles were wrapped by 





This setup was tested in DTI acquisitions with the 8-channel head coil changing 
NDGD (6, 15 and 32 diffusion gradients directions). All three acquisitions were made using 
the SE-EPI pulse sequence with the following parameters: TR/TE (ms) = 7000/shortest; b 
= 1000 s/mm2; voxel size = 2 × 2 × 2 mm3; FOV = 224 × 224 × 120 mm3. 
 
3.3 EVALUATING CLINICAL PROTOCOLS 
 Based on the results obtained with the setups and materials described previously, 
this step applied fiber bundles based on Dyneema®, Spectra® and Polyamide to study 
how the DTIi changes for different clinical brain DTI acquisition protocols, using the 8-
channel head coil. Table 3.2 shows the characteristics of each fiber bundle built. Figure 
3.6 shows the bundles positioning in the rectangular block. All the fiber bundles were com-
pressed and wrapped using shrinking tubes. A piece of shrinking tube was also used as a 
positional reference. Figure 3.7 shows pictures of the bundles fixed in the rectangular 
block, as well as the phantom ready for imaging acquisitions.  
 
Table 3.2 - Characteristics of fiber bundles used in the setup to evaluate DTIi behav-














Bundle Length (mm) 
REF  Just a 5-mm length and 10 mm diameter piece of shrinking tube for 
positional reference; no fibers inside 
SPECTRA B1 400 0.178 10 190 
POLYAMIDE B2 300 0.485 12 190 
DYNEEMA 1 B3 300 0.40 10 190 
DYNEEMA 2 B4 300 0.35 10 190 
DYNEEMA 3 B5 300 0.25 10 190 
DYNEEMA 
CROSSING  






Figure 3.6 - Fiber bundles positioning in the rectangular block. (a): frontal view (b): lateral 
view, showing the Dyneema® bundle that crossing with bundles Spectra® and Dyneema®. The holes 
without identification are empty (do not have fiber bundles).  
 
 With the setup described above, five different brain protocols were tested, using the 
8-channel head coil. All protocols used the SE-EPI sequence, with TR = 8500 ms, TE = 
shortest, and b = 1000. The parameters that were varied among protocols are detailed in 
Table 3.3.  
 
Table 3.3 - Acquisition parameters for each DTI protocol studied. All protocols used 
the SE-EPI sequence, with TR = 8500 ms, TE = shortest, and b = 1000. 
Protocol NDGD FOV (mm) Voxel Size (mm) Number of Slices 
DTI-Low 6 224 × 224 × 120 2 × 2 × 2 60 
DTI-Medium 15 224 × 224 × 120 2 × 2 × 2 60 
DTI-High 32 224 × 224 × 120 2 × 2 × 2 60 
Precocious 
Epilepsy  
32 256 × 256 × 140 2 × 2 × 1 70 









Figure 3.7 - DTI phantom applying Dyneema®, Spectra® and Polyamide fiber 
bundles. (a) and (b): pictures of the rectangular block were the bundles were fixed. (c): 
Picture of the phantom finished and ready for imaging acquisitions. 
 
  Besides the first three protocols (DTI-Low, DTI-Medium and DTI-High; see Table 
3.3) changing NDGD, we tested just the clinical protocols for precocious epilepsy and for 
primary tumor, since they are the most representative of all clinical protocols. In other 
words, all other protocols for brain DTI using the 8-channel head coil are similar to the 





3.4  BUILDING A MULTIPURPOSE DTI PHANTOM 
  A multipurpose phantom is a device designed to evaluate many performance char-
acteristics of MRI scanner using the same setup and positioning, only changing the imag-
ing acquisition protocol (14). With the aim of doing DTI QC and other MRI QC measure-
ments using the same setup, in this stage a multipurpose phantom was designed. This 
phantom was expected to provide maximum amount of information in a reproducible man-
ner with the shortest data acquisition time. The developed device has modules to evaluate 
DTI acquisitions and slice thickness, spatial resolution and geometric distortions. It joins 
characteristics of the DTI phantom showed in previous steps and of the MRI QC rectangu-
lar phantom proposed by Fluke® Biomedical (49), shown in Figure 3.8. The manufacture 
of this product was discontinued.  
 
 
Figure 3.8 - Commercial MRI phantom from Fluke® Biomedical for slice thickness 
and spatial resolution evaluation. Pictures of phantom (a) and its internal structures (b). 
It is possible to see ramps for slice thickness (three larger squares with crosses) and the 
three blocks with small squared holes for spatial resolution measurements. 
 
  The multipurpose phantom built was based on an acrylic cylinder with 180 mm 
height and external and internal diameters of 170 mm and 160 mm respectively, where it is 
possible to put modules to evaluate different MRI performance aspects. For DTI QC, a 
hollow acrylic block was inserted, composed by two sides of 100 × 100 × 5 mm3 and two 
sides of 60 × 60 × 5 mm3. The block has nine circular holes of 10 mm diameter regularly 
distributed at the block sides, where it is possible to put and steady different fiber bundles’ 




which are more specifically evaluated by the rectangular acrylic plate of 120 × 100 × 5 
mm3, where there are holes of 10 mm diameter regularly distributed. Slice thickness can 
be evaluated in three directions (axial, sagittal and coronal), using three square plates of 
100 × 100 × 8 mm3 with 1 mm and 2 mm of thickness diagonal gaps. In turn, the spatial 
resolution can also be evaluated in three directions using three blocks of 20 × 25 × 5 mm3, 
where four holes with 0.5 mm, 1 mm, 2 mm and 2.5 mm diameter are disposed, with the 
holes having one specific dimension in each row. The phantom modules are positioned in 
the cylinder using polyacetal spindles fixed on its cover. The different modules can also be 
used stand alone. Figure 3.9 shows the diagram of the positioning of structures in the 
phantom, and Figure 3.10 shows the pictures of the phantom and a setup for imaging ac-
quisitions.  
 
Figure 3.9 - Diagram of the multipurpose phantom built and its structures’ positions. 
1: Acrylic cylinder; 2: DTI acrylic block module; 3: spatial resolution block; 4: slice 






Figure 3.10 - Pictures of the multipurpose phantom developed. (a): Modules inside the 
cylinder, without fiber bundles for DTI QC. (b): DTI module containing the fiber bundles 
wrapped by shrinking tubes. (c): Phantom with all modules mounted, filled by distilled 
water and ready for MRI QC acquisitions.  
 
 Table 3.4 brings the characteristics of fiber bundles used in acquisitions with the 
multipurpose phantom.  
 














REF Just a 5-mm length and 10 mm diameter piece of shrinking tube for positional reference; no 
fibers inside 
SPECTRA B1 400 0.178 10 100 
DYNEEMA 1 B2 300 0.40 10 100 





3.4.1 Imaging Acquisitions 
 The evaluation of the multipurpose phantom for MRI QC was performed using an 
acquisition protocol including T1, T2, PD and DT images. The acquisition parameters are 
listed in Table 3.5. The total scan time for the protocol was on average 20 minutes.  
 
Table 3.5 - Acquisition parameters for MRI QC protocol using the multipurpose 
phantom. 
Image type T1 T2 DTI 1 DTI 2 
Pulse sequence SE SE SE-EPI SE-EPI 
FOV (mm3) 180 × 180 × 200 180 × 180 × 200 180 × 180 × 200 180 × 180 × 200 
Voxel Size (mm3) 2 × 2 × 2 2 × 2 × 2 2 × 2 × 2 2 × 2 × 2 
Slice Thickness (mm) 2 2 2 2 
Number of Slices 100 100 100 100 
TR (ms) 400 - 700 Shortest 7000 7000 
TE (ms) 65 400 65 65 
b (s/mm2) -------- -------- 1000 2500 
 
The phantom modules were positioned to be at a distance of at least 10 mm from 
each other and can be adjusted as needed. The DTI module contained three parallel fiber 
bundles, two of Dyneema® and one of Spectra® fishing lines. 
3.4.2 Data Analysis  
 Measurements for estimation of slice thickness, SNR, spatial resolution and geo-
metric distortions were done using the ImageJ® software. The DTI measurements were 






3.4.2.1 Measuring the Slice Thickness 
 Slice thickness was measured using the T1 images of the multipurpose phantom, 
taking the profile of the gaps in the three squared plates. Given that the slices of this im-
age had 2 mm thickness, up to now only the gaps with this size were used for this evalua-
tion. The slice thickness is defined by the full width at half maximum (FWHM) of the profile 
taken in a ROI that includes the gap of the square plate.  
3.4.2.2 Measuring the SNR 
 The SNR can be measured by taking the signal (S) to be the mean pixel intensity 
value in the ROI, and the noise to be the standard deviation (σ) of the pixel intensity of one 
or multiple ROIs in the background air (free of ghosting artifacts). The SNR is calculated 
using the following expression:  
 
                            456 = 0.655 × ;<.                              (3.3) 
 
 The 0.655 factor is due to the Rician distribution of the background noise in a mag-
nitude image (tending to a Rayleigh distribution as the SNR goes to zero) (50). This arises 
because noise variations, which can be negative and positive, are all made positive, which 
artificially reduces σ. In this study, the SNR was evaluated using Equation 3.3, taking slice 
49 of the axial T1 phantom image acquired (51, 52). This slice just shows the water filling 
the cylinder, not showing internal phantom structures.  
3.4.2.3 Measuring Geometric Distortions  
 Geometric variations due to, for example, possible B0 inhomogeneity or gradients’ 
instabilities, were evaluated qualitatively using the images of the hole pattern plate and of 
the hole pattern present in the block where the fiber bundles were fixed. The holes’ geom-





3.4.2.4 Spatial Resolution Evaluation 
 Spatial resolution was estimated from the blocks with different hole sizes, located 
above the squared plates used to measure slice thickness. We evaluated the smallest size 
of hole visualized in each block.  
3.4.2.5 DTI Quality Control 
 The QC of DTI acquisitions, for residual error evaluation and detection of significant 
outliers was done using the ExploreDTI software, as described in Section 3.1.2. For all 
images acquired, the QC and data processing steps were analogous as previously de-
scribed. Subsequently, the DTIi were calculated for each fiber bundle, for acquisitions us-
ing b = 1000 s/mm2 and b = 2500 s/mm2. CV values of DTIi were then estimated to evalu-






4 RESULTS AND DISCUSSION  
4.1 PRE-PROCESSING: DTI ACQUISITION QUALITY CONTROL  
 Before any DTIi calculation or tracts’ reconstruction, in all steps of the study, the 
acquisitions’ QC was done using the ExploreDTI software. In this step, residual error 
graphs and outliers’ percentage graphs were calculated, as well as residual maps. Figures 
4.1 - 4.6 show the graphs of residual errors obtained for the DT images of the phantom 
described in Section 3.1 in the experiments to determine how acquisition parameter 
changes influence the calculated DTIi, when NDGD was changed for 8-channel and 32-
channel head coils. The reference parameters mentioned are the values applied in most of 
clinical protocols.  
 
 
Figure 4.1 – Residual Error Graph for DT image acquired changing NDGD, for the 8-







Figure 4.2 – Residual Error Graph for DT image acquired changing NDGD, for the 8-
channel coil and NDGD = 15. The reference parameter was NDGD = 32.  
 
 
Figure 4.3 – Residual Error Graph for DT image acquired changing NDGD, for the 8-
channel coil and NDGD = 32 (the reference parameter).  
 
         
Figure 4.4 - Residual Graph for DT image acquired changing NDGD, for the 32-





         
Figure 4.5 – Residual Error Graph for DT image acquired changing NDGD, for the 32-
channel coil and NDGD = 15. The reference parameter was NDGD = 32.  
 
       
Figure 4.6 – Residual Error Graph for DT image acquired changing NDGD, for the 32-
channel coil and NDGD = 32 (the reference parameter).  
 
Recalling that the DWI protocols used acquire DW images in 32 directions, it was 
observed that the highest values of residual errors or outliers found were for DW image 
number 33, which is the average of all 32 DW images acquired. This was probably due to 
error propagation from each DW image to this average image. However, the outliers and 
residual errors found for all acquisitions were not significant to compromise the results of 
the analysis. Images that had higher residuals or outliers were discarded. 
 Despite not existing an established acceptance limit for residual values of DW im-
ages or for their ranges for a given DTI acquisition, it is known that residual values must be 
as small as possible, with minimum variations. For all acquisition parameter changes, the 
values of the residues' medians were approximately the same (2.5 to 3), for both coils 
tested. However, for acquisitions with lower NDGD (6 directions), these values were al-




known why this occurs, but the residual values observed are close to those found for the 
T2 image, the number 1 DW image of all acquisitions. The reduction in the residual error 
for a smaller NDGD may be due to the lower total duration and magnitude of the diffusion 
gradients applied, generating less eddy-currents and signal variations (53); but in any 
case, this must be better investigated.  
 Figures 4.7-4.9 show the axial residual error maps for DW images acquired chang-
ing b-value, for 8-channel head coil. Figures 4.10-4.12 show these maps when the voxel 
size change, for the same coil. The color bar indicates the magnitude of residual errors. 
The higher magnitudes of residual errors correspond to clearer points in the images. It is 
expected that the fiber bundles show higher magnitudes, being highlighted in these maps. 
The values taken as reference are the most applied in clinical protocols.  
 
 
Figure 4.7 – Axial Residual Error Maps for DW images acquired changing the b-
value for the 8-channel head coil. b-value applied: 500 s/mm2. Reference for the b-






Figure 4.8 - Axial Residual Error Maps for DW images acquired changing the b-value 




Figure 4.9 - Axial Residual Error Maps for DW images acquired changing the b-value 
for the 8-channel head coil. b-value applied: 2500 s/mm2. Reference for the b-values: b 






Figure 4.10 - Axial Residual Error Maps for DW images acquired changing the voxel 
size for the 8-channel head coil. Voxel size applied: 1 mm × 1 mm × 1 mm. Reference 
for the voxel size: 2 mm × 2 mm × 2 mm. 
 
 
Figure 4.11 - Axial Residual Error Maps for DW images acquired changing the voxel 
size for the 8-channel head coil. Voxel size applied: 2 mm × 2 mm × 2 mm. This is the 






Figure 4.12 - Axial Residual Error Maps for DW images acquired changing the voxel 
size for the 8-channel head coil. Voxel size applied: 3 mm × 3 mm × 3 mm. Reference 
voxel size: 2 mm × 2 mm × 2 mm. 
 
 From the residual error maps seen in Figures 4.10-4.12, it is possible noting that for 
larger voxel size the residual error maps show a blurring effect (Figure 4.12). For higher b-
value, geometric distortions are observed (Figure 4.9). On the other side, the stronger dif-
fusion-weighting for images acquired using b = 2500 s/mm2 increases the signal from fiber 
bundles given that this image acquisition is more sensitive to water diffusion information.  
Lower NDGD values lead to residual error maps almost homogeneous, corroborating the 
residual error values seen in the graphs of Figures 4.1 and 4.4. The increase of NDGD 
created more geometric distortions at residual error maps, given the amount and duration 
of diffusion gradients applied.  For other acquisition parameter changes, there are no other 
significant findings about residual values.    
 Figures 4.13-4.15 show the graphs of outliers’ percentage for DW images when the 
b-value is changed, for each slice plane, and the total percentage, considering all planes. 
It is observed that increasing b-value, the outliers’ percentage increases. It may due to 
higher amplitude of the diffusion gradients applied, which have as advantage an improve-






Figure 4.13 - Graphs of Outliers’ Percentage for DW images acquired changing b, for 
the 8-channel coil. b-value applied 500 s/mm2. Reference for b-values: b = 1000 s/mm2. 
 
 
Figure 4.14 - Graphs of Outliers’ Percentage for DW images acquired changing b, for 






Figure 4.15 - Graphs of Outliers’ Percentage for DW images acquired changing b, for 
the 8-channel coil. b-value applied 2500 s/mm2. Reference: b = 1000 s/mm2. 
 
 The outliers' percentages found for all acquisitions were lower than 0.1%, which 
seems acceptable considering the complexity of the presented processes. In many acqui-
sitions, the DW image number 10 showed higher outliers' percentages. This is probably 
due to directional variations, although there are no significant variations in the magnitude 
of the diffusion gradients applied in the acquisition of this DWI. This did not occur for DTI 
using less directions. The DW image number 33, which is the average of all DW images, 
showed higher outliers’ percentage for all acquisitions. Knowledge of the way in which the 
diffusion gradients were applied and switched in this scanner could help to explain these 
occurrences.  
 
4.2 FIRST PHANTOM STUDY: INFLUENCE OF ACQUISITION PARAMETERS ON 
DTII FOR THE 8 AND 32-CHANNEL HEAD COILS 
 In this section, the results regarding the influence of different acquisition parameters 
on the DTIi shown in Table 2.1, for the first phantom built, are presented. The objectives of 
experiments were to evaluate how the acquisition parameters can compromise the DTIi 
and verify if Dyneema® fishing lines are suitable to build fiber bundles whose FA values 




phantoms, that explore correlations between acquisition parameters, number of coil chan-
nels or field intensity and DTIi and most of them were in general focused on MD and FA 
analysis (55-57). Besides these DTIi being the most used in human brain studies, it is also 
important to evaluate acquisition parameters’ correlations to other DTIi, which bring us in-
formation about diffusion geometry, because they are very susceptible to bias due to eddy-
currents. Therefore, in addition to MD and FA, this step of the study also evaluated the 
influence of acquisition parameters on RA, VR, CS, CL and CP.  
 It is expected that changes in acquisition parameters directly related to diffusion-
weighting lead to more variations in the DTIi. Besides acquisition parameters related to 
diffusion, the other parameters were studied due to their association to SNR, geometry, 
signal acquisition and codification, and because they are frequently manipulated at clinical 
and research protocols.  It is not expected that changes in these parameters lead to signif-
icant changes in DTIi, even though some of them (TE, NSA and SENSE) have influence in 
the signal.   
 Figures 4.16 and 4.17 show the mean and standard deviations of each DTIi when 
the acquisition parameters are changed, for the three Dyneema® fiber bundles described 
in Section 3.1, and both head coils. For the 8-channel head coil, the FA values for bundle 
1, 2 and 3, were, respectively, (0.33 ± 0.01), (0.36 ± 0.02) and (0.42 ± 0.02) (Figure 4.16). 
For the 32-channel coil, the values were (0.31 ± 0.02), (0.34 ± 0.01) and (0.39 ± 0.02) re-
spectively, considering all acquisition parameter variations. It is known that for the main 
white matter tracts of the normal brain, the FA values range from 0.4 to 0.8 (58, 59). Thus, 
the values found here are near to the range found in brain tissues and in the range of car-
diac muscle (7, 60). A better compression of bundles tends to improve the FA values, 
bringing them close to those found in human brain tracts (59). This was indeed done in 
further experiments, with results described in the next sections. The geometric parameters 
CS and CL did not show significant differences for different bundles and coils. However, 
the voxel size variation led to higher CV values of CP for bundles 2 and 3, in the 8-channel 
head coil. This acquisition parameter is related to spatial resolution and its shape and di-
mension may affect DTIi. Increasing the voxel size, the number of structures inside it in-
creases, which may lead to changes in tensor geometry and their DTIi. This is relevant 
especially when the density of fibers or structures per voxel increases or there are cross-
ing fibers in a voxel.      
 Figures 4.18 and 4.19 show the CV values of DTIi, for all bundles, coils and acquisi-




DTIi CS, CL and CP, when NSA was changed, for bundle 2 (Figure 4.19). Among these 
values, the highest CV was observed for CP (3.29). The geometric DTIi (CS, CL and CP) 
seem more susceptible to variations in DTI acquisition parameters, specially NSA and 
voxel size. Increasing NSA, the SNR increases, leading to better tensor estimation given a 
geometry and magnitude. Thus, variations in geometric DTIi because of NSA variation 
may occur. NSA variations also lead to higher CV values in RA and VR for bundle 3 and 
for the 32-channel head coil (Figure 4.18). For coils with a higher number of channels, the 
probability of occurrence of different responses to signal by each channel increases, which 
may lead to changes in DTIi related to the magnitude of the tensor.  
 
Figure 4.16 - Mean and Standard deviation for (a) MD, (b) FA, (c) RA and (d) VR, for 
all coils and fiber bundles. Black: fiber bundle 1, red: fiber bundle 2, blue: fiber bundle 3, 







Figure 4.17 - Mean and Standard deviation for (a) CS, (b) CL and (c) CP, for all coils 







Figure 4.18 - Coefficients of Variation for (a) MD, (b) FA, (c) RA and (d) VR, for all 







Figure 4.19 - Coefficients of Variation for (a) CS, (b) CL and (c) CP, for all coils and 
fiber bundles. The color scale is the same as in Figure 4.16.  
 
Tables 4.1 and 4.2 describe, respectively, the results of Spearman's correlation 
analysis to estimate correlations between acquisition parameters and DTIi values. A non-
parametric statistical test was chosen because some data sets follow a Gaussian distribu-
tion and others do not. Figures 4.20 and 4.21 bring the correlation graphs for acquisitions 








Table 4.1 - Correlations of MRI scan parameters and DTIi for 8-channel coil. 
 






 Figure 4.20 - Scatter plots showing the correlations between acquisition parameters 
and DTIi for bundles (a) 1, (b) 2 and (c) 3, for the 8-channel coil. 
 
It was observed that there is a higher number of correlations between acquisition 




changes are correlated to variations in all DTIi (positive correlations with FA, RA, CS and 
CL; negative correlations with MD, VR and CP) (Figure 4.19). For this bundle and coil, the 
SENSE factor and NSA show correlations with all DTIi, except MD, and the geometric in-
dices (CS, CL and CP) are correlated to voxel size (Table 4.1). The voxel size is also cor-
related to all DTIi for bundle 3 in the 8-channel coil (positive correlation with MD, VR and 
CS; negative correlation with FA, RA and CP), and to geometric DTIi for bundles 1 and 2 
in the same coil (Figure 4.19). Most axon fibers have diameter of a few microns and axon 
tracts may have diameter of dozens of microns (61), being smaller than the thinnest fiber 
bundle of this study (bundle 1). Given that this bundle presented the highest number of 
correlations between acquisition parameters and DTIi, it is important to carefully change 
the acquisition protocols, as well as avoiding comparisons of data acquired with different 
setups, without knowledge of data correspondence (without an accurate cross calibration), 

























Table 4.2 - Correlations of MRI scan parameters and DTIi for 32-channel coil. 
 






Figure 4.21 - Scatter plots showing the correlations between acquisition parameters 





Figures 4.20 and 4.21 show significant correlations between b or NDGD (parame-
ters related to diffusion-weighting and tensor calculation) and the DTIi FA, RA and VR, 
which are related to the magnitude of DTI, as expected. On the other side, voxel size was 
the parameter predominantly correlated with geometric indexes, which describes the 
shape of the tensor. Increasing voxel size, the number of structures inside it increases, 
which can influence the shape of the tensor. The parameter NSA is related to SNR and 
theoretically it should have low influence on DTIi. However, differences in signal intensities 
can also lead to changes in DTIi, which must be considered mainly when multi-channel 
coils are applied. In these coils, this signal intensity variations may lead to contrast degra-
dation and geometric distortions.   
 The acquisition parameter NDGD exhibits the highest number of correlations with 
DTIi (24 correlations), most of them for the 8-channel coil and bundles 1 and 2, composed 
by lower diameter fibers (.25 mm and .35 mm respectively) (Table 4.1). For these bundles 
and the 8-channel coil, we found negative correlations between NDGD and MD, VR and 
CP; positive correlations were found for FA, RA, CS and CL (Figure 4.20). For bundle 3, 
just negative correlations with MD and CP, and positive correlations with CS and CL were 
found. For the 32-channel coil, there are negative correlations between NDGD and MD 
and CP for bundle 1, as well as a negative and a positive correlation with MD and CS, re-
spectively, for bundles 2 and 3 (Table 4.2 and Figure 4.21). 
 On the other hand, b, which is also an acquisition parameter, related to diffusion 
magnitude, shows the same number of correlations with DTIi as NSA (18), most of them 
for the 32-channel coil (Figures 4.20 and 4.21). The DTIi more influenced by b are FA, RA 
and VR, followed by CL and MD. For the 8-channel coil, bundle 2 shows positive correla-
tion between b and FA or RA, and negative correlation between this parameter and VR or 
CS. Bundle 1 just shows a positive correlation between b and CL. For the 32-channel coil 
and bundles 1 and 2, there are positive correlations between b and FA, RA or CL; bundle 
1 also shows negative correlation between b and MD and bundle 2 between b and VR.  
 Concerning NSA and the 8-channel coil, there are positive correlations between this 
parameter and FA, RA or CL and negative correlations with VR and CS, for all bundles. 
Bundle 3 also shows negative correlations between NSA and MD or CP. For the 32-
channel coil, we only found a correlation between this parameter and FA for bundle 3 (Ta-
ble 4.2).  
 The voxel size shows more correlations with geometric DTIi, for the 8-channel coil. 




and a negative correlation with CP; for bundle 3, there are positive correlations with CS, 
MD or VR, and negative correlations with RA or CP. For the 32-channel coil no correlation 
was found.  
 Correlations between the SENSE factor and DTIi were only found for the 8-channel 
head coil. For bundle 1, there are positive correlations with FA and CL and negative corre-
lations with RA, VR and CS; for bundle 2, there is a positive correlation with CP and a 
negative correlation with CS. For bundle 3, there is no correlation between this parameter 
and DTIi. Possibly, the higher number of channels in the 32-channel head coil tends to 
improve the SNR, reducing the effect of noise or geometric distortions that may be due to 
SENSE. The higher number of channels also reduces the noise and distortions due to 
voxel size variation.  
 For TE, most correlations were found for the 32-channel coil and bundles 2 and 3. 
For bundle 2, there are positive correlations with FA or RA and negative correlation with 
VR; for the bundle 3, we found positive correlations with MD, FA or CP and a negative cor-
relation with VR. For bundle 1, only one correlation was found, between TE and CP, for 
the 8-channel coil. Diffusion images are T2-weighted, so, variations in DTIi such as MD 
and FA when TE is changed are expected (62). 
 Neither the relation between acquisition parameters and DTIi, nor their causes, are 
yet well-defined. In literature, we can find some reports which explore this subject, special-
ly the relation between acquisition parameters and MD and FA. In general, there is no 
agreement between different studies because phantoms and acquisition conditions are not 
the same. The study (42) found no correlations between these DTIi and NSA and MD or 
FA; other studies (63, 64), (43) found a negative correlation between FA and voxel size 
and NDGD. Some authors reported a positive correlation between FA and SENSE, b or 
TE (43, 65, 66), while others reported no correlation (44, 67). Most of those studies used 
imaging acquisitions of healthy subjects, which is not the best way to explore scanner pa-
rameters and performance characteristics, given the variability of human tissues and the 
fact that we do not know the real body constitution and diffusion aspects of subjects. It is 
known that depending on the body region or tissue type, different relations between DTI 
acquisition parameters and DTIi are observed.  
 Recently, researchers developed a capillary array phantom, measuring 1 cm length 
and 1 cm in diameter, to be positioned with the patient head inside an 8-channel head coil 
(40). The phantom is attached to a water-filled bottle and installed in the coil. They tried to 




these DTIi. No correlations between NDGD and MD were reported, neither between NSA 
or voxel size and MD and FA; on the other hand, a negative correlation was found be-
tween MD and the SENSE factor, and a positive correlation between FA and SENSE or 
TE. The CV values of MD and FA were relatively high (7.1 % and 2.4 %) when compared 
to our results. This probably occurs because of the smaller size of their phantom, which 
turns it more susceptible to B0 distortions and eddy-currents. Both the present work and 
previous studies (11, 27) point to macroscopic fiber configurations as a better alternative to 
DTI QC and long-term follow-up of diffusion protocols. Macroscopic fibers are less suscep-
tible to geometric distortions due to B0 inhomogeneities and eddy-currents, making it easi-
er to know the characteristics of phantom' structures, besides what occurs with microscop-
ic structures. However, the SNR and B0 magnitude probably cause changes in DTIi. 
 Figures 4.22 and 4.23 show respectively the ellipsoids and tracts reconstructed us-
ing the ExploreDTI for 8-channel head coil when b = 500 s/mm2 and b = 2500 s/mm2. The 
ellipsoids or tracts of three bundles are seen in different slices because the bundles were 
not in the same plane intentionally, to simulate the curvature of human brain tracts. How-
ever, is possible to detect the anisotropic diffusion in the direction of bundles, which is 
highlighted when b = 2500 s/mm2.   
 
 
 Figure 4.22 – Diffusion ellipsoids of DTI acquired changing b-values. (a), (b) 
and (c): diffusion ellipsoids of bundles 1, 2 and 3, respectively, for b = 500 s/mm2. (d), (e) 






Figure 4.23 – Tracts reconstructed from DTI acquired changing b-values. (a), (b) and 
(c): tracts of bundles 1, 2 and 3, respectively, for b = 500 s/mm2. (d), (e) and (f): the tracts 
of same bundles, for b = 2500 s/mm2.   
 
 Figures 4.24-4.26 show the tracts reconstructions when some acquisition parame-
ters are varied. Figure 4.24 shows the reconstructions for changes in b-value, for the 32-
channel coil; Figure 4.25 shows reconstructions obtained changing TE and NSA, for both 
coils; and Figure 4.26 shows the fibers reconstructions when NDGD is changed, for the 8 







 Figure 4.24 - Tracts reconstruction for acquisitions using the 32-channel coil, 
changing b-value. Top: tracts reconstructions co-registered with T2 images of phantom. 
Bottom: tracts’ reconstructions co-registered with phantom ADC maps. (a) and (f) b = 800 
s/mm2; (b) and (g) b = 500 s/mm2; (c) and (h) b = 1000 s/mm2; (d) and (i) b = 1500 s/mm2; 
(e) and (j) b = 2500 s/mm2. The different inclinations of slices in (b) and (g) were applied to 
highlight the only fiber bundle reconstructed from the low b-value acquisition. 
 
 From Figure 4.24 it is possible to see that for b = 500 s/mm2, two bundles (1 and 2) 
were not reconstructed, not identified from DTI data. Bundles 1 and 2 (composed by fibers 
with .25 and .35 mm) had lower water diffusion and consequently were not seen using a 
lower b-value (the images were less diffusion-weighted). For other b-values, all the bun-






Figure 4.25 - Tracts reconstruction for acquisitions changing TE and NSA, for the 8 
and 32-channel head coils. The tracts are co-registered with the T2, DW, ADC map and 
directional FA map images of the phantom, as well as shown stand alone, respectively, for 
all rows of this figure. First and second rows correspond to acquisitions changing TE and 
NSA, respectively, for the 8-channel coil; the following rows correspond to equivalent re-
constructions for the 32-channel coil.   
 
 For both coils, changes in TE and NSA resulted in non-reconstruction of bundle 1, 
even though significant correlations had only been found between TE and CP for bundle 3 
in the 8-channel head coil and between TE and MD, FA, VR and CP for the same bundle 
in the 32-channel coil (Figure 4.25). Furthermore, negative correlation is observed be-
tween TE and FA, for bundle 3 in the 32-channel coil and; for the 8-channel coil TE 
showed correlation with almost all DTIi, for all bundles applied. For the range of TE values 




weighting and consequently the water diffusion detection among the tracts. The increase 
of NSA may cause signal loss for low-contrast structures, which did not occur for the bun-
dles analyzed.   
 
 
Figure 4.26 - Tracts reconstruction for acquisitions changing NDGD, for the 32 and 
8-channel head coil. (a)-(e) tracts reconstructed co-registered with the T2, DW, ADC map 
and FA map images, as well as stand-alone tracts, respectively for acquisitions with 
NDGD = 6 using the 32-channel coil; (f)-(j), (k)-(o) and (p)-(t): the same for the 32-channel 





 Figure 4.26 shows that for the 32-channel head-coil it was not possible to recon-
struct all fiber bundles for NDGD = 6. In this case, bundle 3 (the thickest and made of fi-
bers with highest diameter) was well defined, but the others were not found. On the other 
hand, for the 8-channel coil, all bundles were found for NDGD = 6 and 32.  
 In the phantom, the bundles were purposely not inserted at the same height, to 
simulate the tracts variety of shapes and orientations. So, just one or two bundles can be 
seen in the slice, but in most cases, all bundles can be seen, for all images acquired. Vis-
ual changes in tracts are observed, for example, when b or the voxel size are changed. 
Increasing b, we observed a better visualization of tracts; the drawback is the increase of 
noise, both in the 8 and 32-channel head coil, as seen in Figure 4.24. Increasing the voxel 




4.3 TESTING NEW MATERIALS 
 In this step, other materials than Dyneema® to build anisotropic diffusion phantoms 
were tested to verify if they are suitable to simulate fibers and tracts of human body. Figure 
4.27 shows the images of the phantom described in Section 3.2, where conduits, catheters 






Figure 4.27 - T2, DW image, ADC map and FA map, respectively in each column, for 
the DTI phantom made with fishing lines, catheters and conduits. Images obtained for 
NDGD = 6 (a-d), 15 (e-h) and 32 (i-l). 
 
 The images of Figure 4.27 show that no tracts are found for this setup. Moreover, it 
was not possible to calculate any DTIi from these acquisitions. Catheters and conduits do 
not contribute with anisotropy and add noise to DT images, given that inside these struc-
tures there is macroscopic water motion (flux effects), such as occurs in the presence of 
thicker blood vessels, which can degrade DTI data. The phantom built was extremely 
noisy, full of structures without similarity to biological tissues in terms of constitution, TR, 
TE, diffusion and geometry. Catheters and conduits may be useful to compose MRI phan-
toms, including DWI and DTI phantoms, but in that case, just to simulate blood vessels 




4.4 FIBER BUNDLES WITH HEAT-SHRINKING TUBES - CLINICAL PROTOCOL 
TESTS 
 In this step, the fiber bundles described in Section 3.3 were wrapped using heat-
shrinking tubes to evaluate the stability of the setup for different clinical protocols, chang-
ing NDGD and b-value. Figure 4.28 shows the tracts reconstruction (co-registered with T1, 
DWI, ADC, PD, diffusion directionality map and stand-alone bundles for an acquisition with 
the 8-channel head coil), using b = 1000 s/mm2 and NDGD = 32. 
 
 
Figure 4.28 - Tracts reconstruction for acquisitions using the 8-channel coil, for fi-
ber bundles wrapped with shrinking tubes. The tracts’ images are co-registered with 
(a) T1, (b) DW, (c) ADC map, (d) PD and (e) directional FA color-coded images. (f) 





 Figure 4.28 shows the tracts with good definition, which is due to the higher FA of 
fibers when the heat-shrinking tubes were applied. Here, the FA values found are in the 
range (0.6-0.8), being similar to those found for the main brain tracts. Moreover, shrinking 
tubes do not introduce any kind of artifacts in the images. So, Dyneema® fiber bundles 
wrapped with heat-shrinking tubes are a good alternative to simulate high anisotropy body 
tissue tracts.  
  Figures 4.29-4.32 show the mean values of DTIi and corresponding CV values, for 
all six fiber bundles described in Table 3.3. These data were obtained changing NDGD of 
the DTI protocol and using the clinical protocols for precocious epilepsy and primary brain 
tumor, implemented in the clinical routine of the tested scanner. The only difference be-
tween these clinical protocols was the slice thickness (1 mm for epilepsy and 2 mm for 







Figure 4.29 - Graphs of DTIi (MD and FA) and their corresponding CV for DTI acqui-
sitions using different protocols. (a) and (b): mean values found for MD and FA, re-






Figure 4.30 - Graphs of DTIi (RA and VR) and their corresponding CV for DTI acqui-
sitions using different protocols. (a) and (b): mean values found for RA and VR, respec-






Figure 4.31 - Graphs of DTIi (CS and CL) and their corresponding CV for DTI acquisi-
tions using different protocols. (a) and (b): mean values found for CS and CL, respec-






Figure 4.32 - Graphs of DTIi (CP) and their corresponding CV for DTI acquisitions 
using different protocols. (a) and (b): mean and CV values found for CP. 
 
 Considering the setup used for protocol comparisons, heat-shrinking tubes, when 
applied to fiber bundles, improved significantly the bundles' anisotropy. For example, a 
Dyneema® bundle when wrapped with these tubes shows FA of (0.72 ± 0.04) and a lower 
CV value, as seen in Figure 4.29(b) and 4.29(d), respectively. Without heat-shrinking 
tubes, the best FA value found was (0.42 ± 0.02). The FA value of this bundle when com-
pressed using the tube is similar to those found for corpus callosum in the brain. The tracts 
definition in Figures 4.33 and 4.34 supports the use of this tubes in DTI phantom designs.  
 From the graphs in Figure 4.29, it is possible to see that bundle 3 (made of Dynee-
ma® fishing line with 0.40 mm thickness) shows the highest mean FA value, considering 
the five protocols tested. Bundles 4 and 5, also made of the same material, have respec-
tively the second and third highest mean FA values. Although bundle 1 was also made of 
multifilament fishing lines (Spectra®), these lines have memory, which makes it difficult 
building bundles with high anisotropy. The FA value found for the Spectra® bundle is only 
3% lower than the one for bundle 5 (made of Dyneema® fishing lines of 0.25 mm thick-
ness). However, the diffusion signal from Dyneema® bundles is higher than from other 
materials. Although bundle 6 was also made of Dyneema® with 0.40 mm thickness (hav-
ing the same structure as bundle 3), its mean FA value was the lowest. Probably this is 
because this bundle was a crossing bundle. This condition is not well solved by the most 





 Despite the fact that polyamide fibers had already been studied as a raw material 
for DTI phantoms (27, 38), revealing that this material was not useful for building fiber 
phantoms, we decided to test the performance of polyamide fishing lines using heat-
shrinking tubes to control their memory effects and increase the anisotropy. We found that 
both memory and composition make it difficult building anisotropic structures with these 
fishing lines. The mean FA value found was approximately the same of the crossing bun-
dle.  
 Bundles 3 and 4, which show higher anisotropy, have the lowest CV values for MD, 
FA, RA and CL (Figures 4.29-4,31; for bundle 6, the highest CV values were found for 
these DTIi. The mean value of CP does not differ significantly among different bundles 
(Figure 4.32).  
 
 
Figure 4.33 - Tracts reconstructed from DTI acquired changing NDGD, for the 8-
channel head coil. The tracts are shown co-registered with the T2 image, DW image, 
ADC map, FA color-coded map, as well as shown stand alone, respectively. Top: NDGD = 





 In Figures 4.33 and 4.34 is possible to see that only the Dyneema® fiber bundle 
was reconstructed for most acquisitions. The Spectra® fiber bundle is seen in acquisitions 
using test protocols with NDGD of 15 and 32. These protocols can be adapted to clinical 
routine, with the aim of trying to improve the WM fibers detection. In both clinical protocols, 
the three Dyneema® bundles are seen. 
 
 
Figure 4.34 - Tracts reconstructed from DTI acquired using protocols for precocious 
epilepsy (top) and primary brain tumors (bottom), for the 8-channel head coil. The 
tracts are shown co-registered with the T2 image, DW image, ADC map, FA color-coded 
map, as well as shown stand alone, respectively. 
 
 From the results obtained in this section and until now, it was found that Dyneema® 
fishing lines of 0.40 mm are the best option to build DTI phantoms. Their bundles are sta-
ble even when DTI acquisition parameters change. The heat-shrinking tubes are essential 
to ensure high anisotropy values. So, phantoms based on these bundles are useful for 
applications such as cross-calibration of DTIi, considering different protocols, or even dif-




4.5 MULTIPURPOSE PHANTOM ASSAYS 
Figure 4.35 shows the T1 images of the multipurpose phantom developed. With this phan-
tom, it was possible to check scanner performance parameters, by means of specific 
modules to evaluate spatial resolution, slice thickness, geometric distortions and even 
SNR, which can be estimated using the homogeneous portion of the phantom. The follow-
ing sections describe the results obtained from the QC measurements using the device in 
a 3T MRI scanner. The phantom study was done using the setup and the protocols de-
scribed in Section 3.4. This section also describes the details of the phantom preparation.  
 Figure 4.35 shows T1 coronal and axial images of the multipurpose phantom, used 
to estimate other scanner performance parameters than DTI. 
 
 
Figure 4.35 - T1 images of the multipurpose phantom. In the images, it is possible see-
ing the ramps to calculate slice thickness (a), the grid pattern for evaluation of geometric 
distortions (b), the background to determine SNR (c) and the blocks to evaluate spatial 
resolution (d) and (e). The fiber bundles can be seen in (g), (h) and (i) (longitudinally) and 
also in (d) and (e) (axially). The block where the fibers are fixed (j) can also be used to de-
tect geometric distortions patterns. (f) shows a section from a 3D rendering of the phan-
tom.   
 
 Figure 4.35 shows that the T1 image of the phantom does not have significant arti-




some regions of non-homogeneity in the background, which may be balanced using 
shimming methods and even CuSO4-based solutions that improve SNR. Before any kind 
of quantification, a visual inspection was done. 
 In all experiments, it was chosen to fill the phantom with just distilled water, given 
that water diffusion is the subject of study in DW and DT images. However, conventional 
MRI phantom filling solutions, such as CuSO4, can improve the SNR and consequently the 
characterization of other MRI parameters tested with the multipurpose phantom. This kind 
of assay will be done in the future. The acceptability of the parameters measured was 
based on patterns of other phantoms, such as the ACR (68) and the AAPM (American As-
sociation of Physicists in Medicine) (69), even though the structures present in our multi-
purpose phantom differ in size and shape from theirs.  
4.5.1 Slice Thickness 
 Figure 4.36 shows the T1 image of the module for evaluation of slice thickness and 
the profiles obtained for estimation of this parameter.  
 
 
Figure 4.36 - T1 image of the square plate for slice thickness measurement and pro-




tion of profiles. (b) and (c) Profiles found for the ROIs at the top and at the bottom of the 
image, for the ramps’ gap of 2 mm. 
 
 The slice thickness was measured from the FWHM of gaps' profiles. The mean and 
standard deviation of FWHM in both ROIs were taken. From the ROIs in the image of Fig-
ure 4.31(a), we obtained a slice thickness of (2.005 ± 0.1768) mm, differing approximately 
by 0.5% from the real value of the slice thickness used in the acquisition (2 mm). Accord-
ing to literature (68, 70), differences up to 0.7 mm are acceptable, therefore our result is 
very good. Acquisitions using 1 mm slices were not performed due to time issues. This will 
be done in future assays.  
4.5.2 Signal-to-Noise Ratio 
 Figure 4.37 shows portions of the multipurpose phantom where few structures are 
seen. Basically, it is possible to see laterally the ramps for slice thickness measurement 
and the polyacetal fuses, which did not generate any kind of imaging artifacts, even in im-
ages without SENSE. The SNR was measured using the ROIs showed in the center of the 
phantom (4.37(a)) and outside the phantom (4.37(b)). 
 
 
 Figure 4.37 - Measuring the SNR using T1 images. T1 image slice showing the ROIs in 





 From the image and ROIs showed in Figure 4.37, we found a SNR of 217, for a sig-
nal of 1350 (mean intensity in the center ROI) and a background standard deviation of 4, 
which is acceptable according to the reference SNR found in literature (52), which should 
be in the range (130-270). 
 This image slice would be also useful to estimate the integral uniformity of the im-
age. This will be included in future phantom applications. If the homogeneity of the image 
is not considered to be good, then the SNR may be derived more accurately using the 
NEMA method, where two consecutive images are acquired and this parameter is calcu-
lated based on subtraction of these images.  
4.5.3 Geometric Distortions 
 Figures 4.38(a) and (b) show coronal views of the block from the DTI module, 
whose hole pattern can be useful to evaluate geometric distortions. Figure 4.38(c) shows 
the geometric distortion module (a plate with a hole pattern).  
 
 
 Figure 4.38 - Images for evaluation of geometric distortions. (a) and (b) Hole pattern 
from the DTI module and (c) from the hole pattern plate of the multipurpose phantom.  
 
 It was found that both the hole pattern plate and the block where the fiber bundles 
are fixed contribute to evaluate this image characteristic. The image of hole patterns 
showed a soft intensity difference in one of its edges due to position of its structures in the 




in the spindle. The spindles also allow the use of full setup or just one or more modules for 
MRI QC. Even when acquiring just DT data, the block for fiber bundles is useful to detect 
geometric distortions due to eddy-currents, for example, which can degrade the results.  
 
4.5.4 Spatial Resolution 
 Figure 4.39 shows coronal views of the phantom, where it is possible to see the 
small blocks for spatial resolution estimation, according to the smallest pattern of holes 
visually distinguished. In both slices, two of three blocks are visualized. Another one is 
seen in sagittal slices. A module for checking the low-contrast detection performance can 
also be implemented in the future.  
 
 
Figure 4.39 - T1 coronal images of the multipurpose phantom. In (a) and (b) it is pos-





4.5.5  DTI Quality Control 
 The efficiency of the DTI module for QC of this imaging technique was evaluated by 
analysis of the DTIi obtained for the setup of Figure 3.10(b), for the 8-channel coil, chang-
ing the b-value. Figures 4.35 and 4.36 show the graphs of mean and CV values for each 




Figure 4.40 - Graphs of DTIi (MD and FA) and their corresponding CV for DTI acqui-
sitions using the multipurpose DTI phantom. b = 1000 s/mm2 and b = 2500 s/mm2. (a) 






Figure 4.41 - Graphs of DTIi (RA and VR) and their corresponding CV for DTI acqui-
sitions using the multipurpose DTI phantom. b = 1000 s/mm2 and b = 2500 s/mm2. (a) 








Figure 4.42 - Graphs of DTIi (CS and CL) and their corresponding CV for DTI acquisi-
tions using the multipurpose DTI phantom. b = 1000 s/mm2 and b = 2500 s/mm2. (a) 







Figure 4.43 - Graphs of DTIi (CP) and their corresponding CV for DTI acquisitions 
using the multipurpose DTI phantom. b = 1000 s/mm2 and b = 2500 s/mm2. (a) and 
(b): mean and CV values of CP, respectively 
 
 The graphs of Figures 4.40-4.43 reveal the same behavior of DTIi seen in Section 
4.2. The change of bundle length does not interfere in the DTIi calculated. Bundle 2 
showed again higher FA values, which are similar to those found in Figure 4.29. The fibers 
applied here are the same of Section 4.2 differing from those just by the length (these 
ones are shorter than those of Section 4.2). 
 The CV values for all DTIi were smaller for all bundles, pointing to long-term stability 
of structures, as well as to the applicability of them for cross-calibration studies, protocol 
design and improvement and routine QC of DTI.  
 The Spectra® fishing line bundle showed the lowest FA values, having also lower 
RA and higher MD than other bundles. Even though Dyneema® fibers had already shown 
the best FA values and SNR for DTI QC, Spectra® was tested again because theses fi-
bers seem useful to build bundles simulating cardiac fibers (MD and FA values are, up to 
now, the most similar to those found for these muscle fibers) (7, 13, 71). Both kind of fish-
ing lines are composed by the same material, but the manufactures’ techniques are differ-
ent. It can lead to differences in diffusion proprieties of similar fiber bundles composed by 







Figure 4.44 - Tracts reconstructed from multipurpose phantom DTI acquisitions. 
Top: acquisitions with b = 1000 s/mm2. Bottom: acquisitions with b = 2500 s/mm2. The 
tracts were co-registered with T1 images ((a) and (e)), T2 images ((b) and (f))), DW imag-
es ((c) and (g)), as well as ADC map ((d) and (h)).  
 
 Figure 4.44 shows the reconstructions of fibers for acquisitions with the multipur-
pose phantom. The fact that the phantom has many other modules does not interfere on 
DT images and their indices. So, the results found here show that it is possible to build a 
phantom with modules to evaluate many MRI modalities. The same logic explored here 
may be explored by researchers trying to develop multimodality MRI phantoms to evalu-
ate, for example, the parameters checked here and spectroscopy, functional or angio-
graphic parameters, as well as PET (Positron Emission Tomography) parameters, being 
the phantom applicable to PET/MRI scanners QC.  
 The right periodicity of DTI QC depends on characteristics of each scanner and on 
stability of DTI pulse sequences applied. However, based on results obtained in this study, 
it is suggested the weekly running of QC routines as proposed in Table 3.5. However, the 
pulse sequences and QC routines applied may be adjusted according clinical and/or re-




ommended for training activities, to teach about diffusion imaging acquisition, processing 




































5 CONCLUSIONS AND FUTURE PERSPECTIVES 
 This work brings a study about materials and setups for the development of a multi-
purpose phantom to evaluate the quality of DT images and other MRI scanner characteris-
tics, such as SNR, spatial resolution, slice thickness and geometric distortions. It is known 
that there is no standard phantom or QC protocol for these images, which can be degrad-
ed by scanner hardware or by software instabilities before T1, T2 or PD images. To reach 
this aim, materials such as polyamide and Dyneema®, already explored in previous stud-
ies, were used to build fiber bundles simulating tracts found in neural and muscular tis-
sues. In addition, materials not yet applied to build fiber phantoms were also explored, 
such as the multifilament Spectra® fishing lines and Kevlar® fishing lines. The compres-
sion of fibers in the bundles was done both using nylon cable ties or heat-shrinking tubes.  
 Standard QC MRI phantoms applied to T1, T2 and PD acquisitions, such as ACR 
phantoms, have diffusivities and relaxation parameters different from biological tissues and 
are isotropic. They can be helpful to follow parameters such as B0 homogeneity, SNR, 
CNR, low-contrast structure detectability, uniformity, presence of ghost and distortions, 
slice thickness and spatial resolution of those images. However, DWI and DTI are more 
sensitive to bias compared to conventional MRI and consequently data corruption occurs 
first on these images. That is, when a problem is detected on T1, T2 and PD images, 
probably DW and DT images are already much degraded.  
 Although several studies have compared acquired phantom data with control sub-
ject or patient data, human or animal images should never be used as a QC tool for any 
imaging diagnostic technique. This is because unless body necropsy is done after scan-
ning, the real organization and constitution of organs and tissues are unknown, as well as 
the patient’s physiology.  
 In the first step of our study we verified how the acquisition parameters can change 
the DTIi, using CV values and analysis of correlation. The first phantom proposed consist-
ed of an acrylic cylinder filled with distilled water where three Dyneema® fishing lines’ fiber 
bundles are positioned in parallel. We found that this phantom could be possibly applied 
as a reference for checking DTIi over time. Although the phantom built in this step has a 
simplified design when compared to human brain tissues and their organization, it seems a 
good and stable DTI model. With this model, it was possible to define how the main DTI 




impermeability, which enables building of bundles to simulate axon fibers. However, only 
interstitial diffusion can be studied, given that water does not diffuse across the fibers, just 
between them. When compared to other phantoms found in literature, our device is 
cheaper, easier to build, and seems less susceptible to geometric distortions due to EPI, 
which should be considered in a 3T scanner. Microfabricated phantoms, based on micro-
scopic representation of neurons and capillaries are good proposals to DTI QC. Nonethe-
less, as described, the B0 distortions found with this sort of phantoms differ from those ob-
served in human brain images. Furthermore, their MD and FA values are too far from 
those observed for human brain. It is known that different B0 intensities and inhomogenei-
ties, as well as pulse sequence parameters, lead to different kinds of B1 distortions. None-
theless, the main DTI measures (e.g. MD and FA) depend on phantom architecture and 
composition. Thus, if the phantom has a homogeneous composition, these measures 
should not vary significantly when changing acquisition protocols and/or B0 intensity, con-
sidering images from single or multi-scanner studies.  
 The second step of our study brought the improvement of fiber bundles’ characteris-
tics, wrapping them using heat-shrinking tubes. Different materials and setups were tested, 
until reaching a stable and highly anisotropic configuration to simulate brain tracts. Besides 
Dyneema®, the fishing lines Kevlar®, Spectra® and polyamide were explored.  
 Given that Kevlar® is a material seemingly useful to build catheters for use in MRI, 
and Spectra® is a multifilament material with similar proprieties to Dyneema®, fishing lines 
of both were built and tested in DTI acquisitions. Kevlar® bundles did not show FA values 
compatible with those of biological tissues and were not reconstructed in most acquisi-
tions. Despite the fact of Spectra® being a multifilament fiber such as Dyneema®, its han-
dling is more difficult because these fibers have too much memory. Consequently, it is also 
more difficult to obtain Spectra® fiber bundles with high FA values, such as in the main 
human brain tracts. Kevlar®, on the other side, has less memory but a lower anisotropy 
level when compared to other materials. Polyamide, even for bundles with a higher num-
ber of fibers (400 to 500), also shows lower anisotropy levels, as expected. The FA and 
MD values, as well as the tracts appearance of Spectra® fiber bundles, suggest that these 
fishing lines can be useful to simulate cardiac muscle tissue. The good point is that both 
Kevlar® and Spectra® fishing lines do not generate imaging distortions and artifacts. So, 
they may also be suitable to build MRI phantoms.    
 On the other side, catheters and conduits lead to reduction of SNR in DW and DT 




occurs independently of NDGD. This kind of structures, even when it has lower diameters 
(of the order of mm), introduces macroscopic flux effects into images, leading to signal 
loss and artifacts.  
 All phantoms here proposed and tested were filled just with distilled water, given 
that water diffusion is the subject of study in DW and DT images. However, conventional 
MRI phantom fillings' solutions, such as CuSO4, can improve the SNR and consequently 
the characterization of other MRI parameters tested by the multipurpose phantom. This 
kind of essay will be done in the future. Other kinds of solutions, such as n-tridecane-
based solutions, have MD similar to brain WM. However, cyclic alkanes are toxic and 
flammable compounds, hindering their use in clinical routine. On the other side, sugar-
based solutions, despite not being toxic, undergo biological degradation and are not useful 
for long-term follow-up scanning. The same goes for agarose gels, which are degraded 
despite the addition of anti-septic agents.  
 In all setups, to avoid air bubbles in the phantom, a syringe was used for inserting 
the distilled water in the container; also, remaining bubbles can be removed with a vacuum 
pump. It is important to look for and remove air bubbles to minimize magnetic susceptibility 
effects. Laundry detergent can remove bubbles, due to its ability to move them to the 
phantom surface, where they can be eliminated. Regardless of setup and materials ap-
plied to DWI and DTI phantoms, some advices can always be considered. First, phantoms 
filled by water are safer and easier to handle, besides taking a shorter time for thermal 
equilibrium in the scanner's room. Furthermore, distilled water does not lead to significant 
signal loss because its T1 and T2 values can match PD dephasing. It is important to watch 
out for effects of mechanical vibration of the scanner on liquids, which can lead to imaging 
distortions. For fiber phantoms, whenever possible the bundles should be aligned to B0, 
avoiding magnetic susceptibility effects. Structural imaging techniques like microscopy and 
CT or microCT greatly contribute to the knowledge of internal structures of phantoms, 
identifying small fissures or misalignments. 
 The tests with the DTI multipurpose phantom show that it is possible to measure 
DTIi and other MRI parameters using just one device. In an imaging acquisition, total time 
of approximately 20 minutes it was possible to obtain information about slice thickness, 
spatial resolution, geometric distortion, SNR and the DTIi. The SNR value found was com-
patible with the application of the scanner in clinical routine. The SNR can also be meas-
ured just with the acrylic cylinder, without internal structures, filled by distilled water or 




slices of the image. Slice thickness and spatial resolution were compatible with the slice 
thickness and the voxel size of the imaging protocol. Acquisitions in all directions can be 
done to check these parameters for all slice orientations (axial, sagittal and coronal). Re-
garding geometric distortions, both plate of hole patterns and hole patterns of the DTI 
block can be useful to detect this problem. 
 The multipurpose phantom developed seems useful for low-cost and relatively fast 
QC of many MRI scanner parameters. The fiber bundles used showed FA values next to 
those found for the main brain tracts, which did not present high CV when the b-value was 
changed. From all the tested fishing lines, Dyneema® is the most suitable to build DTI 
phantoms, agreeing with results of previous studies using Dyneema® fibers (raw material) 
(11, 27). For these lines, DTIi are stable over time, for different bundles’ length or orienta-
tion. Furthermore, this material has their lower memory when compared to others and 
consequently does not introduce any kind of artifacts in DT images.  
 To complete the validation of the multipurpose phantom, it is necessary to evaluate its 
performance for different MRI scanners, from different vendors and B0 intensities. The 
multipurpose phantom for DTI QC can also be improved by the introduction of mechanical 
devices to simulate blood flow in veins and arteries, which can also degrade the DTI signal 
and consequently the DTIi.  
 Although imaging parameters’ evaluation is generally the first thing thought of when 
talking about MRI QC, it is important to not forget other essential verifications which can 
avoid imaging damages and injuries to patients. Items to verify include patients' table in-
tegrity and motions, the communication systems, "panic button" given to the patient, RF 
room integrity and shielding (specially doors contacts and windows), emergency chart, 
safety lights and laser for positioning, MRI-compatible equipment for use in the scanner 
room, as well as all patient monitors. RF coils must also be checked for damages and ca-
bles’ integrity. Burnout bulbs must not remain installed in the scanner's room, given that 
they can induce imaging artifacts. All the safety MRI protocol must also be applied during 
all the clinical and research routines.  
 Changes in DTI acquisition parameters can change de values of DTIi calculated. 
However, the phantom setup must be stable for all kinds of scanners, because DTIi varia-
tions detected must be more related to changes in performance characteristics of the MRI 
scanner than to the acquisition parameters, which can be purposely changed depending 




 When compared to other DTI phantoms found in literature, this device has lower 
cost and its construction depends on acrylic structures and fishing lines, the latter being 
more readily available in shops than Dyneema®, Spectra®, or Kevlar® raw materials. The 
results obtained with Dyneema® fishing lines are better than those found for Dyneema® 
raw material of previous studies, because in this work fiber bundles lower than 10 mm di-
ameter could be detected, while with raw material just bundles of higher diameter were 
detected and reconstructed.    
 Some authors say that it is impossible to build a multi-purpose MRI phantom (10). 
They are based on the fact that each technique requires specific structures and materials 
with T1 and T2 compatible to the studied parameter (e.g. SNR, slice thickness, FA and MD 
from DTI). However, the results reached in this study suggest that this statement is not be 
true.  
 The many modules of the phantom do not interfere significantly with the DT images 
and their indexes. So, the results found here show that it is possible to build a phantom 
with modules to evaluate many MRI modalities. The same logic explored here may be ex-
plored by researchers trying to develop multimodality MRI phantoms to evaluate, for ex-
ample, the parameters checked here and also spectroscopy, functional or angiographic 
MRI scanner performance, as well as PET (Positron Emission Tomography) parameters, 
being the phantom applicable to PET/MRI scanners QC. 
  The heat-shrinking tubes are essential to ensure high anisotropy values. So, phan-
toms based on these bundles are useful for applications such as cross-calibration of DTIi, 
considering different protocols, or even different scanners, from different vendors, many B0 
values and or coils. The protocol for QC with the multipurpose phantom can be imple-
mented in clinical routine. Furthermore, the device can be improved by implementation of 
structures that simulate blood flow inside vessels, which can interfere with DTI data. Tests 
with many scanners of different vendors and of different characteristics must also be done. 
Moreover, Dyneema® and/or Spectra® fishing lines based-bundles may also be important 
to simulate cardiac muscle fibers. In this case, less bundle compression is required when 
compared to brain tracts’ simulations. The improvement of cardiac DTI QC will occur by 
developing a dynamic cardiac phantom based on flexible microstructures with controlled 
motions and fiber deformations according to real cardiac physiology. This configuration 
may be obtained by coupling bundles to a mechanical system connected to an electrocar-
diogram (ECG) simulator. Thus, it is possible to move the bundles at a specific cardiac 




physiology at the scan time. To avoid motion artifacts, cardiac gating can be applied. Thus, 
a specific phase of the cardiac cycle can be chosen for image acquisition. In general, gat-
ing increases the scan time, but improves the SNR and avoids imaging geometric distor-
tions. For acquisition of patients’ data, respiratory and cardiac gating can minimize thorax 
motion effects.  
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